A numerical simulation of flow of oil blob through a capillary tube constriction is presented. The simulation was run in a 2D axisymmetric model. Water is injected at the inlet to mobilize oil blob placed near the capillary tube constriction. Transient flow images were used to understand the flow evolution process. Results from the study show that pulsed injection effectively assisted to squeeze out the oil blob through the capillary tube constriction with shorter time compared to continuous injection. Pulsed injection reduced the time required for the first droplet to cross the capillary tube constriction by about 3 folds compared to continuous injection. In addition, the droplet that crossed the constriction is larger when the flow was pulsed. In both cases, there is a reverse flow in the opposite direction of the injection. However, the severity of the reverse flow is stronger in the case of continuous injection. Immediately downstream the constriction, there is an adverse pressure gradient zone during continuous injection which limits the mobility of droplet that crossed the constriction. However, in the case of pulsed injection, there is a favorable pressure gradient zone immediately downstream the constriction. This zone expedites mobility of droplets that cross the constriction by transporting them further downstream through suction effect. Apparently, pulsed injection eases off the adverse pressure gradient and allowed more volume of oil to pass through the constriction. Within about two periods of pulsation, 84% of original oil placed at the beginning crossed the constriction compared to only 35% in the case of continuous injection. Even though the same amount of water was injected in both cases, pulsed injection clearly altered the flow behavior. The observation from this study may be extended to more complex flows in order to tailor the method for certain specific applications, such as flow of residual oil through a reservoir.
INTRODUCTION
Flow of immiscible fluid through a constriction has several applications in many engineering field. Of particular interest is flow of oil through a reservoir. Oil and gas flows through a porous media where viscous, gravity and capillary forces are in competition. At the end of secondary recovery, the typical oil recovery factor from mature fields around the world is only between 20% and 40% [1] . Some of the remaining hydrocarbon can be recovered with the application of enhanced oil recovery (EOR) techniques developed over the last few decades [2] [3] [4] [5] . In most cases, the conventional EOR techniques, which involve gas injection, steam flooding and chemicals injection, suffer from certain limitations. In light of this, many researchers are working on improving various aspects of EOR methods, such as screening techniques [6, 7] , improving sweep efficiency [8] , and exploring alternative techniques, such as Electromagnetic heating and Seismic excitation [9] [10] [11] [12] . In an effort to maximize recovery factor, new techniques commonly known as unconventional EOR are being investigated [13] [14] [15] [16] . One of these techniques is based on elastic vibration stimulation, which has been reviewed by Beresnev and Johnson [17] . Increase in oil production due to seismic activity was first observed in Russia [17] . Some of the change in production was associated with large-scale structural displacement. However, it was observed that far away from the epicenter where the reservoir is subjected to low frequency and low amplitude mechanical vibration, increase in production was observed. Inspired by such natural phenomenon, many researchers investigated the application of mechanical vibration as a tool for EOR application. Although the technology showed potential for practical applications, tests in some fields show mixed or inconclusive results [11, 18] . Several mechanisms have been proposed to explain how this technique results in improved recovery. Droplet percolation, viscosity reduction and unilateral movement due to low frequency perturbation are some of the mechanisms proposed in literatures. In addition, several theories related to effects of gravitational force and capillary pressure, such as change in wettability, alteration in relative permeability, coalescence and dispersion of the oil phase and reduction in viscosity were proposed. However, there is no general agreement between the theories that explain the effect of seismic excitation on fluid flow in a reservoir. As such, the key mechanism for increased production is not yet known. Apparently, clear understanding of the seismic wave stimulation mechanism is work in progress. The lack of full understanding of the physics of the technique hinders full practical application and makes performance prediction and project design very difficult and unreliable. At present, however, researchers focus on understanding the fundamentals of the technique to exploit full potential of the technology.
In this paper, our objective is to study flow characteristics of continuous and pulsed injections on their performance to squeeze oil blob through a capillary tube constriction. The model used mimics flow through a pore throat in a reservoir. The study was conducted numerically using a commercial software. The simplified model we used in this study represents a single pore throat in a porous media. Several researchers employed experimental and numerical techniques using similar micro-model in order to investigate various aspects microfluidics systems [19, 20] . Apparently, it is difficult to build all aspects of flow through a reservoir into such simplified model. However, the result obtained should be able to highlight basic flow characteristics in order to understand the underlying flow interactions.
METHODOLOGY
The Numerical simulation study presented in this paper is restricted to steady and laminar flow of an incompressible, Newtonian fluid through a rigid tube that has a constriction downstream the inlet. Apparently, such assumptions do not capture flow of hydrocarbon through a porous media. The primary objective in this study is to investigate how the flow behavior changes when the displacing fluid is injected in a continuously or in a pulsed manner.
The numerical study was conducted using FLUENT software. The volume of fluid (VOF) multiphase model was used in order to investigate the flow behavior.
Since there are two immiscible fluids involved, the VOF model was employed. The 2D axisymmetric capillary tube model shown in Figure 1 has a length of 5 mm and inlet width of 0.5 mm. The center of the constriction with radius 0.186 mm is at 1.5 mm from the inlet. A circular oil droplet with radius 0.23 mm is placed 1 mm from the inlet. This location is in the fully developed flow zone and will be discussed later in the results section. To mimic the immiscible displacement process, the fluid injected at the inlet is water. In this study, water is the wetting fluid. In petroleum engineering, displacing non-wetting fluid with wetting fluid is commonly referred to as imbibition process. The geometry was meshed in ANSYS workbench. To capture the large velocity gradient near the wall, inflation layer meshing was applied. To reduce the number of computations, the tube was modeled in 2D axisymmetric geometry. The mesh was imported to Fluent to perform the calculations and post processing. The boundary conditions are velocity inlet, pressure outlet and wall at the fluid solid interface. To capture wettability effect, the contact angle was 173, i.e. the wall is water wet. The density of water and oil are 1000 kg/m3 and 720 kg/m3, respectively. Water and oil viscosities are 0.001 kg/ms and 0.00054 kg/ms, respectively. Water is primary phase and oil is secondary phase. In the phase interaction, wall adhesion was selected and the surface tension between water and oil was set to 27 dyn/cm. Fractional steps were used for pressurevelocity coupling. For pressure PRESTO, for momentum QUICK and for volume fraction geoReconstruct schemes were used. To keep the global courant number small, 1e-6 s time step was used [21] . In addition, to make sure results are independent of mesh and time steps, grid convergence and time step convergence tests were done. The simulations were run in first order implicit and non-iterative time advancement schemes.
In order to investigate the flow characteristics of continuous and pulsed injections, two different cases were simulated. In both cases, the outlet boundary was set to pressure outlet with 0 Pa gauge pressure. In the case of the continuous injection, water was injected at 5 mm/s uniform velocity at the inlet. In the pulsed injection case, water was injected with a velocity that varied sinusoidal with amplitude ±0.75 the mean flow and frequency 20 Hz. In both continuous and pulsed injections, the mass flow rate was the same. As such, the result obtained will be independent of mass flow rate.
RESULTS AND DISCUSSION
In order to place the oil droplet in the fully developed flow regime, we studied how velocity varies from the inlet along the axis of the capillary tube. The x-axis is aligned with the capillary tube centerline and the transverse axis is r. i.e., the center of the coordinate system, x = 0 and r = 0 is at the center of the inlet. Figure 2 shows the entrance velocity profile along the centerline of the capillary tube. At the entrance, the velocity profile is uniform with 5 mm/s magnitude. The velocity boundary layer develops and eventually the profile becomes parabolic. The point where the velocity gradient along the x-axis is zero marks the entrance length. In this case the entrance length is 0.48 mm and the maximum centerline velocity is 9.96 mm/s. The oil droplet is placed 1 mm from the entrance and it is in the fully developed flow zone. As such, longitudinal velocity gradient do not affect the oil blob. Figure 3 shows phase volume fraction of the water and the oil phases during continuous injection. In the phase volume fraction, blue color is 100% oil and red color is 100% water. The flow evolution presented in Figure 3 shows the flow interaction during the first 0.090 s after the onset of injection. Figure 3a shows the beginning of the injection. At t = 0.004 s, as shown in Figure 3b , small oil droplet breaks off from the undisturbed droplet at the beginning and arrived at the constriction. The small droplet sits at the narrowest point of the constriction until more droplets joined. Finally, the first droplet crossed the constriction around 0.012 s. After the first small droplet crossed, lump of oil shown in Figure 3c blocked the constriction and small droplets snap off from the trailing edge and moved towards the inlet due to reverse flow as a result of the blockage. The injected water flows around the lump of oil and becomes a continuous phase again. At the same time, small droplets come off the leading edge of the oil blob and more oil crossed the constriction. The blockage, reverse flow and snap off at the trailing edge continues intermittently as shown in Figure 3c . More droplets coalesce and result in larger droplet around the inlet as shown in Figure 3d and Figure 3e . Observation of the animations we recorded show that when the injected water impinge with the trailing edge of the oil droplet, it creates a recirculating vortex and the fluid that comes out of the recirculation flows back in the opposite direction of the injection. The recirculating water at the trailing edge causes low pressure zone which snaps off droplets from the oil blob and the droplets also move in the opposite direction to the injection due to the reverse flow described above. In addition, the injected water that crosses through the constriction creates a recirculation region immediately downstream the constriction and creates a slightly high pressure zone, which is termed adverse pressure gradient region and is discussed below. For a significant period, the constriction sits between two high pressure regions. As such, it is difficult for the whole oil blob to cross through the constriction as a continuous phase. As a result, the original oil droplet breaks apart and coalesces continuously several times before it gets a chance to pass through the narrow constriction.
Based on this observation, we investigated the pulsed injection scenario in order to periodically ease off the amount of injected fluid to allow more oil droplets cross through the constriction as discussed below. The first small droplet shown in Figure 3d crossed the length of the capillary tube in 0.077 s. As can be seen from Figure 3e , the droplets shown in Figure 3d that is carried in the opposite direction by the reverse flow starts to move forward after enough oil crossed the constriction and the severity of the reverse flow diminishes. Figure 4 shows the flow evolution process during the pulsed injection. As discussed in the numerical model section, the mean flow was sinusoidally pulsed at 20 Hz frequency and +/-0.75 of the mean flow amplitude. It should be emphasized that the mass flow rate during continuous and pulsed injections during any full cycle of pulsation is the same. Even though similar flow interactions discussed in the continuous injection case is seen during the pulsed injection, the strength of the reverse flow from the trailing edge of the oil blob is reduced. In addition, the two high pressure zones immediately downstream and upstream the constriction disappears for longer periods. That facilitated more droplets to cross through the constriction. The first droplet crossed through the constriction at about 0.004 s and crossed the length of the capillary tube at about 0.058 s. Comparison of the continuous and the pulsed injections during the same time frame reveals how pulsation altered the flow characteristics significantly. The time for the first droplet to cross the constriction is shortened by 3 folds compared to continuous injection, which supports the results of experiments in core sample carried out by [22] . Even though the reverse flow still present during the pulsed injection as revealed by Figure 4c and Figure 4d , its strength is not as high as the continuous injection case. Figure 3e and Figure 4e shows the continuous injection and the pulsed injection at t = 0.090 s, respectively. During continuous injection, large volume of oil was pushed by the reverse flow towards the inlet and sits near the entrance. However, when the flow is pulsed, significant volume of oil passed through the constriction and there was no oil left behind near the inlet due to the reverse flow as shown in Figure 4e . This observation is apparent in the animation we recorded. Figure 5 shows absolute pressure contours during the continuous injection. The duration shown in Figure  5 is equal to one period of pulsation. In the case of continuous injection, upstream the constriction, absolute pressure is higher compared to downstream of the constriction. Such adverse pressure gradient restricts the passage of oil through the constriction. In particular, during the initial period of injection, there is high pressure zone at the constriction. As can be seen from Figure 3 , such adverse pressure gradient is the cause of reverse flow in the opposite direction of injection along the centerline of the capillary tube. Apparently, pulsed injection should be able to periodically ease off the high pressure at the constriction and downstream the constriction and allow more oil to pass through the constriction. Near the wall of the capillary tube immediately downstream the constriction, there is pockets of low pressure zones due to flow recirculation. In some cases, such recirculation facilitates small droplets to cross the constriction. Figure 6 shows absolute pressure contours during the pulsed injection. Similar to Figure 5 , three frames within one period are presented. In contrast to continuous injection, the pressure contour drastically changed. Particularly, as can be seen from Figure 6b , the pressure contour is more favorable to push more oil blob through the constriction. At the end of the first period, i.e. Figure 6c , the variation in pressure within the water phase is insignificant and the high pressure downstream the constriction disappeared. Comparing Figure 6c with phase volume fraction at the same instance, the 4 circular regions with slightly higher pressure are oil phases. In addition, the high-pressure area in and around the constriction are lump of oil in the process of crossing the constriction. Downstream the constriction, immediately after the lump of oil, there is a pocket of low-pressure region. This region has a suction effect on the lump of oil and allows large volume to cross the constriction. However, since this phenomenon occurs intermittently, before the continuous lump of oil crosses the constriction, another cycle of adverse pressure snaps off the oil and pushes it in the opposite direction of the flow. Compared to the continuous injection, however, the strength of the adverse pressure is low and more oil crosses within the same period. This observation is elaborated in detail in Figure 7 that is discussed below. Figure 7 presents variation of absolute pressure along the centerline of the capillary tube during continuous injection. The pressure data has been filtered to suppress large picks due to phase change, i.e. oil droplets, along the centerline. Filtering the data did not change the profile as well as the value of the absolute pressure in the other sections of the capillary tube. Three times instances, the same as shown in Figure 5 , are selected to present the absolute pressure profile. The bumps along the absolute pressure profile occur due to the presence of oil droplets at that particular position. In general, upstream the constriction, the absolute pressure gradient is positive, which means that during that particular period flow along the centerline is occurring in the opposite direction. The reverse flow gets worst when oil blob chocks the constriction due to the positive pressure gradient downstream the constriction, which is termed adverse pressure gradient region in Figure 7 . Immediately downstream the constriction, from time to time, the pocket of low-pressure recirculation zone near the wall expedites release of oil phase passing through the capillary tube constriction by entrainment process. These zones can be clearly seen in Figure 5b and c. Once the flow crosses the adverse pressure gradient zone assisted by the lowpressure recirculation zones near the wall, eventually, it progresses downstream towards the exit. Figure 8 shows the absolute pressure gradient along the capillary tube centerline during pulsed injection. Similar to what is presented in Figure 7 , the data has been filtered to suppress sharp picks due to phase change along the centerline. Care has been taken to ensure the data in other section of the capillary tube remain unchanged. The bumps on the absolute pressure profiles are due to pressure discontinue because of phase change, i.e. oil droplets along the axis. At time t = 0.017 s, the absolute pressure profile exhibits similar trend as the continuous injection. Eventually, the profile trend improves and allows mobilization of the oil phase. Particularly, at the end of the first cycle, the pressure change upstream and downstream the constriction stabilizes. In subsequent frames, similar trend shown at t = 0.050 s continuous. The significant difference during the pulsed injection is the occurrence of negative pressure gradient downstream the constriction, which is termed the favorable pressure gradient region as shown in Figure 8 . Unlike the continuous injection case in which the oil droplet crossed the constriction stuck in the positive pressure gradient zone indicated as adverse pressure gradient in Figure 7 , the favorable pressure gradient zone creates suction effect and expedite transport of the oil droplets further downstream towards the exit. As such, it improves overall mobility of oil lumps. As evidenced by the pressure profile at t = 0.017 s in Figure 8 , due to positive pressure gradient, there is a reverse flow. However, this situation improves with time. In the case of continuous injection, however, there is continuous reverse flow with some intermittent improvements due to interaction of oil lump with the constriction. Figure 9 shows the fraction of oil that crossed the constriction at various times after injection. The secondary axis labeled T is the corresponding period of pulsation. The fractions are calculated using an image analysis software by counting pixels that represent oil. Since the process is an immiscible displacement, oil is represented by blue color and water is represented by red color. All images are produced at the same resolution before the image analysis was carried out. The fraction of oil that crossed the center of the constriction is determined by adding the pixels that belong to oil at the particular period. The result from this analysis shows that significant fraction of oil crossed the constriction during the same period when the flow is pulsed. Within about two periods of pulsation, at t = 0.090s, 84% of the volume of oil at the beginning passed through the constriction during pulsed injection compared to only 35% in the case of continuous injection. Even though the mass flow rate is the same during any full period of excitation, about 2.5 times as much oil crossed the constriction when the flow is pulsed. In some instances, droplets that already crossed the constriction returns back due to the reverse flow. Such circumstances are prevalent during continuous injection. The present study demonstrates how flow pulsation affects the characteristics of multiphase flow through a narrow constriction. Apparently, a simplified capillary tube model shown here cannot capture the full spectrum of flow dynamics through a porous media. In order to upscale and optimize the present concept for application in flow through a porous media, effects of injection parameters such as frequency, amplitude, waveform need to be studied in detail. In addition, fluid properties and fluid-solid interaction should be investigated in detail. Once the flow process is fully understood, the technique can be tailored for certain specific applications through upscaling of the controlling parameters.
CONCLUSION
The numerical study presented in this paper shows the flow characteristics through a capillary tube constriction during continuous and pulsed injections. The mass flow rate in both cases is the same. However, the flow characteristics are completely different. The understanding form such simplified flow models may be extended to flow through porous media as a means to mobilize residual oil. The result found here clearly demonstrates the benefit of flow pulsation.
In both continuous and pulsed injections, there is a reverse flow in the opposite direction of the injection. However, the severity of the reverse flow is stronger during continuous injection. In some cases of continuous injection, droplets that already crossed the constriction flow back upstream the constriction due to the reverse flow. Additionally, pulsed injection significantly reduced the time required for the first droplet to cross the constriction. During pulsed injection, the time for the first droplet to cross the constriction is reduced by three folds compared to continuous injection.
Immediately upstream the constriction there is an adverse pressure gradient zone in the case of continuous injection, and there is a favorable pressure gradient zone in the case of pulsed injection. While the adverse pressure gradient worsens the reverse flow, the favorable pressure gradient expedites the transport of droplets that cross the constriction further downstream towards the exit. In addition, the mechanism of oil transport in the case of continuous injection is through the entrainment action of the recirculation zones near the wall immediately downstream the constriction. In the case of pulsed injection, in addition to the entrainment action, the favorable pressure gradient enhances transport of more oil droplets. Within about two periods of pulsation, 84% of oil originally in place crossed the constriction compared to only 35% in the case of continuous injection.
